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Introduction
In recent years, soil research has received an increasing amount of attention. Soil is of vital importance to plant growth and development, providing all kinds of nutritious elements (Chao et al. 2010; Cheng et al. 2012; Mattana et al. 2012; Simõ es et al. 2012; Zhang et al. 2012; Košir et al. 2013; Lantieri et al. 2013; Richter et al. 2013; Zhang et al. 2013 ). However, with the rapid industrial and agricultural development worldwide, soil pollution by heavy metals has become a serious issue. Heavy metal pollution exerts toxic effects on ecological systems, especially in soils where it has an impact on plant growth, thus directly posing a threat to food supply, potable water security, and human health (Aganchich et al. 2007; Shao et al. 2008; Bacchetta et al. 2012; Song et al. 2012 Song et al. , 2013 Assini et al. 2013; Radhakrishnan & Kumari 2013) . Heavy metal ions participate in many physiological processes and can become toxic, bringing about negative or even devastating effects on normal plant growth and development, especially in cereal crops, such as wheat, rice, maize, and barley. Heavy metal elements as Cd (cadmium), Hg (mercury), and Pb (lead) have long been considered highly toxic elements, which are difficult to remove from the soil. Results of many scientific researchers showed that Cd 2þ , Hg 2þ , and Pb 2þ can inhibit photosynthesis and transpiration in plants, thus interfering with plant metabolism and accelerating plant aging (Aganchich et al. 2007; Guo et al. 2007; Shao et al. 2008; Chao et al. 2010; Bajguz 2011; Baldantoni et al. 2011; Basile et al. 2011; Doganlar & Atmaca 2011; Ippolito et al. 2011; Manchanda & Garg, 2011; Xiao et al. 2011; Fellet et al. 2012; Kalavrouziotis & Koukoulakis 2012; Minutolo et al. 2012; Rahman et al. 2012; Song et al. 2012 Song et al. , 2013 Alaimo et al. 2013; Baker et al. 2013; Garg & Bhandari 2013) .
Drought and water shortage also constitute severe threats to crop yield worldwide, posing a serious challenge to food security (Shao et al. 2008; Minutolo et al. 2012; Rahman et al. 2012; Song et al. 2012 Song et al. , 2013 . Compared with other food crops, maize needs relatively large amounts of water in the process of its growth. Therefore, the issue of maize production under water deficit has increasingly been taken into account (Aganchich et al. 2007; Ephrath et al. 2011; Guan et al. 2011; Cheng et al. 2012; Encina et al. 2012 ; Kalavrouziotis & Koukoulakis 2012; Baker et al. 2013) .
As a kind of polymer penetrant, polyethylene glycol (PEG) has been widely applied in the artificial creation of controlled drought conditions, because it can limit the physiological processes of water uptake in plants by inhibiting the rate of water entry into plant cells. The high-molecular weight form PEG6000 has been most commonly used to induce water deficit and, thus, to simulate drought conditions in laboratory conditions. Due to its convenience and operability (Song et al. 2012 , different concentrations of PEG6000 can be applied to mimic different degrees of drought stress.
Catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) activities have long been considered as important physiological indexes for determining the resistance or tolerance of plants to both biotic and abiotic stresses exerted by nonoptimal factors (Aganchich et al. 2007; Guo et al. 2007; Shao et al. 2008; Basile et al. 2011; Ippolito et al. 2011; Manchanda & Garg 2011; Paciolla et al. 2011; Minutolo et al. 2012; Song et al. 2012 Song et al. , 2013 Garg & Bhandari 2013; Nogués et al. 2013) . Results from many researches indicate that CAT, POD, and SOD activities can be affected by many factors nonoptimal for plant growth and development (Shao et al. 2008; Ippolito et al. 2011; Manchanda & Garg 2011; Paciolla et al. 2011; Minutolo et al. 2012; Song et al. 2012 Song et al. , 2013 Garg & Bhandari 2013 Shao et al. 2008; Manchanda & Garg 2011; Minutolo et al. 2012; Rahman et al. 2012; Song et al. 2012 Song et al. , 2013 Garg & Bhandari 2013) . The accumulation of MDA in leave and root cells has long been considered as a sign of reduced stress resistance or tolerance or even plant damage. Application of exogenous organic acids, such as ethylene glycol tetra-acetic acid (EGTA) and salicylic acid (SA), have been reported to exert certain alleviative effects on plant growth and development under heavy metal and drought stress (Aganchich et al. 2007; Chao et al. 2010; Ephrath et al. 2011; Guan et al. 2011; Cheng et al. 2012; Encina et al. 2012; Kalavrouziotis & Koukoulakis 2012; Baker et al. 2013) . The aim of this paper was to study the physiological responses of maize seedling to two different types of stress: (1) heavy metal stress by exposure to different concentrations Cd 2þ , Hg 2þ , and Pb 2þ ; and (2) drought stress induced by the application of PEG6000. After treatments, we measured the activity of antioxidative enzymes and MDA content in leaves and analyzed the alleviative effects of EGTA and SA. Our results provide a basis for further studies on wheat growth and development in heavy metal-polluted environments and under water-deficit conditions caused by drought. Furthermore, they may contribute to the development of breeding practices for the selection of maize cultivars with high tolerance or resistance to heavy metal ions and to drought stress.
Materials and methods

Plant material
The maize genotype Zhengdan958 used in this paper was provided by the Hebei Academy of Agriculture and Forestry Sciences, Shijiazhuang, Hebei Province, China.
Seed sterilization and germination
Seeds were surface-sterilized with 1% NaClO for 20 min, washed under flushing water, and placed into darkness for 24 h germination.
Hydroponic cultivation of seedlings and stress treatments
Germinated maize seeds were planted on vermiculite-covered white ceramic plates for the initial stage of seedling growth and incubated at 258C with a 12-h light/12-h dark photoperiod. At the single-leave stage, seedlings were placed into plastic pots with the EGTA and SA in maize seedling leaves 97 addition of soil solutions for further water cultivation. At the three-leave stage, leaves of cultivated seedlings were taken and treated for 7 days with different concentrations of Cd 2þ , Hg 2þ , Pb 2þ (0.1, 0.2, 0.5, and 1 mM), or PEG6000 (10%, 20%, 30%, and 50%), with or without the addition of 2 mM of EGTA or 2 mM of SA. The control treatment with no additions is labeled as T 0 (CK), whereas all other treatments are labeled as indicated in Table I . Heavy metal treatments were conducted through the addition of CdCl 2 , HgCl 2 , and PbCl 2 , while Cd 2þ , Hg 2þ , and Pb 2þ concentrations were calculated and recorded as pure Cd, Hg, and Pb element concentrations, respectively.
Detection of anti-oxidative enzymatic activity
Both untreated and treated seedlings were analyzed for the activities of the anti-oxidative enzymes CAT, POD, and SOD. The CAT activity was measured according to the method of Shao et al. (2008) with a slight modification. For each treatment, 200 ml of enzymatic solution and 3 ml of a 100-mM sodium phosphate buffer (PBS) solution (pH 7) was added to seedling leaves (0.2 g). After incubation at 258C for 5 min, the reaction was initiated by the addition of 6 mM H 2 O 2 . Measurements were made at a wavelength of 240 nm, at 20 s time intervals, for a total of 2 min. The CAT activity (U g 21 FW) was calculated keeping the method described by Shao et al. (2008) as a reference.
The POD activity was measured using the guaigcol method (Song et al. 2012 ) with a slight modification. For each measurement, 10 ml of enzymatic solution and 6 ml of 50 mM PBS reactive solution (pH 7, containing 20 mM guaigcol) was added to 0.2 g of leave tissue. The reaction was initiated by the addition of 6 mM H 2 O 2 . Measurements were made at a wavelength of 470 nm, at 20 s time intervals, for a total period of 2 min. The POD activity (U g 21 FW) was calculated according to the method described by Shao et al. (2008) and Song et al. (2012 Song et al. ( , 2013 .
The SOD activity was determined with the nitroblue tetrazolium (NBT) photochemical reduction method described by Shao et al. (2008) with slight modifications. For each measurement, a PBS reactive solution (pH 7, containing 13 mM methionine, 75 mM NBT, and 0.1 mM Na 2 EDTA) with 100 ml of enzymatic solution was added to 0.2 g of leaf tissue. The enzyme reaction was initiated by the addition of 2 mM riboflavin and the mixed solution was illuminated at 258C for 5 min. Absorbance values were measured with an ultraviolet spectrophotometer at a wavelength of 560 nm, using an un-illuminated solution as a blank. One unit of SOD activity (U g 21 FW) was calculated as the enzyme demand for 50% NBT reductive inhibition.
Measurement of MDA content
The MDA content was measured according to the methods described by Song et al. (2012) and Shao et al. (2008) with a slight modification. For each measurement, 0.2 g of fresh leaves were grinded in 10 ml of 0.25% thiobarbituric acid, placed in test tubes and incubated in a water bath at 988C for 30 min. After cooling, the test tubes were centrifuged at 12,000 r min 21 for 15 min. The supernatant was analyzed for absorbance values at wavelengths of 450, 532, and 600 nm, and the MDA content was calculated in nmol g 21 FW.
Statistical analysis
The results presented in this paper are the mean values^standard deviations obtained from at least three replicates. Significant differences between the treated (Cd 2þ , Hg 2þ , Pb 2þ , and PEG6000, with or without the addition SA or EGTA) and untreated control maize seedlings were determined using the ANOVA test (P , 0.05 and P , 0.01). Statistical data analysis was conducted using the SPSS 18.0 software, through which regression analysis and the fitting equations were obtained for each treatment.
Results
Effects of EGTA and SA on the activity of anti-oxidative enzymes and MDA content in maize seedling leaves treated with different concentrations of Cd 2þ
Figure 1(A) shows the CATactivity in maize seedling leaves treated with Cd 2þ at different concentrations Table I . Control treatment.
Exogenous organic acids
Heavy metal treatment (T) T 0
Cd Treatments POD activity (U·g-1FW) 
Cd Treatments SOD activity (U·g-1FW) 
Cd Treatments MDA content (µmol·g-1) 
Cd Treatments CAT activity (U·g-1FW) The different small and capital letters indicate significant difference among treatments at P , 0.05 and P , 0.01 levels, respectively. treated with Cd 2þ alone. The highest alleviative effect (P , 0.01) of SA was found again with the highest concentrations of Cd 2þ (1 mM). In general, SA exerted similar alleviative effects on CAT activity under Cd 2þ stress as EGTA did, although at 0.2 mM Cd 2þ (T Cd6 and T Cd10 ) and 0.5 mM Cd 2þ (T Cd7 and T Cd11 ) the differences had a significant level of P , 0.05. Figure 1(B) shows the POD activity in maize seedling leaves treated with Cd 2þ at different concentrations and in combination with EGTA or SA. Up to a concentration of 0.5 mM Cd 2þ , the POD activity showed a gradual increase; however, at 1 mM Cd 2þ , it had decreased again, showing that lower (0.1 and 0.2 mM) and moderate (0.5 mM) concentrations of Cd 2þ exerted more pronounced effects in inducing the POD activity than higher concentration of Cd 2þ (1 mM). At all concentrations of Cd 2þ , POD activity values were higher compared to the untreated control (T 0 , CK), indicating that all Cd 2þ treatments promoted the POD activity to some extent. In the presence of EGTA, the values of POD activity exhibited a trend of gradual increase with treatments from 0.1 to 0.5 mM Cd 2þ , while it decreased at the highest concentration of 1 mM Cd 2þ (T Cd8 ), showing that the addition of EGTA did not alter the tendency of POD activity change under Cd 2þ treatments. POD activity values were significantly higher (P , 0.05) at 0.1, 0.2, and 0.5 mM Cd 2þ in the presence of EGTA (T Cd5 , T Cd6 , and T Cd7 ) compared to leaves treated with Cd 2þ alone (T Cd1 , T Cd2 , and T Cd3 , respectively), and this difference became even more significant (P , 0.01) at the highest Cd 2þ concentration, showing that EGTA promoted the POD activity in Cd 2þ -treated maize leaves. In the presence of SA, the POD activity showed an increasing trend from 0.1 to 0.2 mM Cd 2þ ; however, it decreased again at 0.5 -1 mM Cd 2þ , showing that the addition of SA altered the tendency of POD activity change under Cd 2þ stress. POD activity values were significantly higher (P , 0.05) at 0.1 and 0.2 mM Cd 2þ in the presence of SA (T Cd9 and T Cd10 ) compared to treatments with Cd 2þ alone (T Cd1 and T Cd2 , respectively), whereas at moderate (0.5 mM) and high (1 mM) concentrations of Cd 2þ , the presence of SA did not change the POD activity, indicating that SA improved the POD activity at lower Cd 2þ concentrations (0.1 and 0.2 mM), while it exerted a limited effect at both moderate and high Cd 2þ concentrations (0.5 and 1 mM).
The SOD activity in maize seedling leaves treated with Cd 2þ at different concentrations and in combination with EGTA or SA is shown in Figure 1 . A similar trend in change of SOD activity under Cd 2þ stress was found in the presence of EGTA; however, at concentrations of 0.1, 0.2, and 0.5 mM of Cd 2þ (T Cd5 , T Cd6 , and T Cd7 ), the level of activity was significantly higher (P , 0.01) than that of leaves treated with Cd 2þ alone (T Cd1 , T Cd2 , and T Cd3 , respectively), while at the highest concentrations of Cd 2þ
(1 mM), there was a less significant (P , 0.05) increase in SOD activity (T Cd8 ). These results suggest that EGTA enhanced the increase in SOD activity at lower (0.1 and 0.2 mM) and moderate (0.5 mM) levels of Cd 2þ stress, while it has a limited effect at higher concentration (1 mM) of Cd 2þ stress. Similar observations were made for SA, which enhanced the effects on SOD activity at low (0.1 and 0.2 mM) and moderate (0.5 mM) concentrations of Cd 2þ , while it exerted a limited effect at the highest level of Cd 2þ stress (1 mM). The values of SOD activity were significantly greater (P , 0.05) with T Cd9 , T Cd11 , and T Cd12 than with T Cd5 , T Cd7 , and T Cd8 treatments, respectively, and was slightly lower at T Cd10 than at T Cd6 , showing that in general the enhancing effect on SOD activity induced by SA was stronger than that induced by EGTA.
Figure 1(C) shows the MDA content of maize seedling leaves treated with Cd 2þ at different concentrations and in combination with EGTA or SA. It can be clearly seen that the MDA content gradually increased (P , 0.05) with increasing concentrations of Cd 2þ [T 0 (CK) to T Cd4 ], showing that Cd 2þ stress exerted an adverse effects on the growth of maize seedling leaves. The addition of EGTA (T Cd5 -T Cd8 ) and SA (T Cd9 -T Cd12 ) counteracted the increase in MDA content, in particular in treatments with higher Cd 2þ concentrations. SA had the strongest alleviative effect, except at 0.1 mM Cd 2þ when the lowest value of MDA content was found in the presence of EGTA (T Cd9 ).
Effects of EGTA and SA on the activity of anti-oxidative enzymes and MDA content in maize seedling leaves treated with different concentrations of Hg 2þ
The CATactivity in maize seedling leaves treated with Hg 2þ at different concentrations and in combination with EGTA or SA is shown in Figure 2 (A). It can be observed that the values of CAT activity gradually decrease with increasing concentrations of Hg 2þ (T Hg1 -T Hg4 ). Treatments with EGTA (T Hg5 -T Hg8 ) and SA (T Hg9 -T Hg12 ) were both able to alleviate the reduction in CAT activity induced by Hg 2þ stress. In general, SA exerted stronger alleviative effects on CAT activity under Hg 2þ stress than EGTA did, in particular at 0.5 and 1 mM Hg 2þ . Figure 2( EGTA and SA in maize seedling leaves 101 levels, the POD activity was always higher in SAtreated leaves than in EGTA-treated leaves, indicating that SA exerted stronger effects than EGTA did, in particular at 0.2 mM Hg 2þ when the difference between SA and EGTA treatment had a significance value of P , 0.01.
Figure 2(C) shows the SOD activity of maize seedling leaves treated with Hg 2þ at different concentrations and in combination with EGTA or SA. Treatment with 0.1 mM (T Hg1 ) and 1 mM (T Hg4 ) Hg 2þ resulted in a slight decrease in SOD activity compared to the control (T 0 ), whereas at 0.2 mM (T Hg3 ) and 0.5 mM (T Hg4 ) Hg 2þ there was a clear increase in SOD activity, with moderate Hg 2þ stress (0.5 mM) exerting the most apparent effect in stimulating the SOD activity. In the presence of EGTA, increasing concentration of Hg 2þ resulted in a gradual increase in SOD activity (T Hg5 -T Hg7 ); however, at the highest concentration of Hg 2þ
(1 mM) it decreased again. In leaves treated with Hg 2þ in the presence of SA (T Hg9 -T Hg12 ), the SOD activity increased at lower Hg 2þ stress (0.1 and 0.2 mM); however, at higher concentrations of Hg 2þ it gradually declined. Both EGTA and SA resulted in higher SOD activity than in leaves treated with Hg 2þ alone, although the patterns of their effects were different. The largest difference was found at 1 mM Hg 2þ , when the SOD activity was significantly (P , 0.01) higher in leaves treated with SA (T Hg12 ) than in leaves treated with EGTA (T Hg8 ).
The MDA content in maize seedling leaves treated with Hg 2þ at different concentrations and in combination with EGTA or SA is shown in Figure 2 (D). The MDA content showed a clear increase at increasing concentrations of Hg 2þ (T Hg1 to T Hg4 ), reaching a level of approximately fivefold of the control level at 1 mM Hg 2þ . Both the application of EGTA (T Hg5 -T Hg8 ) and SA (T Hg9 -T Hg12 ) inhibited the increase in MDA content, in particular under high Hg 2þ stress conditions (1 mM), while this alleviative effect was stronger with SA than with EGTA.
Effects of EGTA and SA on the activity of anti-oxidative enzymes and MDA content in maize seedling leaves treated with different concentrations of Pb 2þ
Figure 3(A) shows the CATactivity of maize seedling leaves treated with Pb 2þ at different concentrations and in combination with EGTA or SA. Low levels of Pb 2þ (T Pb1 , 0.1 mM) reduced the CAT activity compared to untreated controls (T 0 ); however, an increase was observed at 0.2 mM Pb 2þ (T Pb2 ), whereas from 0.2 to 1 mM Pb 2þ (T Pb2 -T Pb4 ) the CAT activity declined again. These results indicate that the pattern by which CAT activity changes when treated with increasing Pb 2þ concentrations is different from those found with Cd 2þ and Hg 2þ treatments. In the presence of EGTA, the CAT activity increased at concentrations from 0.1 to 0.2 mM Pb 2þ (T Pb5 and T Pb6 ), and then decreased from 0.2 to 1 mM Pb 2þ (T Pb6 -T Pb8 ). At lower concentrations of Pb 2þ , the values were significantly higher (P , 0.05) compared to leaves Pb 2þ stressed without EGTA, while at moderate (0.5 mM) and high (1 mM) concentrations of Pb 2þ this effect was even stronger (P , 0.01), demonstrating that EGTA exerted alleviative effects on CAT activity. In the presence of SA, a similar change in CAT activity was observed (T Pb9 -T Pb11 ) as with EGTA, except at the highest concentration of Pb 2þ when the CAT activity started to increase again (T Pb12 ), indicating that SA exerted slightly different effects on CAT activity than EGTA did. In general, the alleviative effect of SA was stronger than that of EGTA, except at a moderate (0.5 mM) level of Pb 2þ stress. The POD activity in maize seedling leaves treated with Pb 2þ at different concentrations and in combination with EGTA or SA is shown in Figure 3 (B). With increasing concentrations of Pb 2þ , the POD activity first decreased (T Pb1 -T Pb2 ), then increased (T Pb3 ), and at the highest concentration (T Pb4 ) decreased again. All values were significantly lower than the control T 0 (CK), indicating that Pb 2þ exerted inhibitory effects on POD activity in maize seedling leaves. Treatment with Pb 2þ in combination with EGTA (T Pb5 -T Pb8 ) resulted in slightly lower POD activity at all concentrations of Pb 2þ compared to the untreated control T 0 (CK), except at 0.5 mM (T Pb7 ), in which case EGTA completely alleviated the inhibitory effect of Pb 2þ . In the presence of SA, treatments with low and moderate concentrations of Pb 2þ alleviated the inhibitory effect of Pb 2þ on POD activity (T Pb9 -T Pb11 ), whereas at the highest Pb 2þ concentration (T Pb12 ) the POD activity was not different from that of leaves treated with Pb 2þ alone. The average value of POD activity of leaves treated with EGTA (T Pb5 -T Pb8 ) was higher than that of leaves treated with SA (T Pb9 -T Pb12 ), indicating that EGTA exerted a better alleviative effect on POD activity under Pb 2þ stress than SA did. Figure 3(C) shows the SOD activity in maize seedling leaves treated with Pb 2þ at different concentrations and in combination with EGTA or SA. Treatments with Pb 2þ resulted in an increase in SOD activity at low concentrations (T Pb1 -T Pb2 ), whereas at moderate and high Pb 2þ concentrations the SOD activity dropped to below the control level T 0 (CK). The pattern of SOD activity change with increasing levels of Pb 2þ stress was the same as that found under Cd 2þ stress while different from that found under Hg 2þ stress. Treatments with Pb 2þ in combination with EGTA or SA resulted in similar patterns of change in SOD activity, although the 102 W. Y. Song et al.
SOD activity was always higher than plants treated with Pb 2þ alone. By consequence, the addition of EGTA and SA at low concentrations of Pb 2þ (0.1 and 0.2 mM) enhanced the increase in SOD activity caused by Pb 2þ stress, while at moderate (0.5 mM) and high (1 mM) concentrations of Pb 2þ , EGTA and SA exerted alleviative effects. The highest average values of SOD activity were found with EGTA, indicating that EGTA exerted stronger effects on SOD activity under Pb 2þ stress than SA did. Effects of EGTA and SA on activity of anti-oxidative enzymes and MDA content in maize seedling leaves treated with different concentrations of PEG6000
Figure 4(A) shows the CATactivity of maize seedling leaves treated with PEG at different concentrations and in combination with EGTA or SA. It can be clearly observed that already at the lowest concentration (0.1 mM, T P1 ) PEG treatment resulted in a strong decrease in CAT activity, which was inhibited even further at higher PEG concentrations. A similar pattern of change was found in plants treated with PEG in the presence of EGTA (T P5 -T P8 ) and SA (T P9 -T P12 ); however, values of CAT activity were slightly higher in the case of EGTA and significantly higher in the case of SA compared to plants treated with PEG alone. Thus, SA exerted a higher alleviative effect on CAT activity inhibition under PEG stress than EGTA did. Figure 4 (B) shows the POD activity of maize seedling leaves treated with PEG at different concentrations and in combination with EGTA or SA. It can be observed that in PEG-treated plants, the POD activity declined in a concentrationdependent manner, except in plants treated with 20% PEG, in which the POD activity was found to be higher than in the untreated control (T 0 ). Such a pattern of change in POD activity is different from those found under Cd 2þ , Hg 2þ , and Pb 2þ stresses. At the highest level of PEG stress (T P4 ), the POD activity was significantly (P , 0.01) lower than those found with all other treatments (T 0 to T P3 ). PEG treatments in the presence of EGTA (T P5 -T P8 ) or SA (T P9 -T P12 ) resulted in slightly different patterns of change in POD activity. In EGTA-treated leaves, the level of POD activity was very similar to those in the untreated control (T 0 ), except in leaves treated with a moderate concentration of PEG (30%, T P7 ), in which the POD activity was comparable to that found in leaves treated with the highest concentration (50%) of PEG alone (T P4 ). Application of SA to leaves treated with 10% PEG resulted in an increase in POD activity compared to the untreated control (T 0 ) or leaves treated with PEG alone (T 1 -T 4 ). At concentrations from 20% to 30% PEG, the POD activity declined whereas at 50% PEG it increased again. In general, SA exerted better alleviative effects on POD activity under PEG stress than EGTA did.
Figure 4(C) shows the SOD activity in maize seedling leaves treated with PEG at different concentrations and in combination with EGTA or SA. PEG treatment resulted in a concentrationdependent decrease in SOD activity (T 0 -T P4 ), with significant (P , 0.05) or highly significant (P , 0.01) differences between treatments, showing that PEG stress inhibited SOD activity. The presence of EGTA counteracted this inhibitory effect, in particular at moderate (30%) and high (50%) concentrations of PEG, where the differences compared to leaves treated with PEG alone showed a significance level of P , 0.01. Similar results were obtained with SA (T P9 -T P12 ), which showed an even higher alleviative effect on SOD activity induced by PEG stress, as the average values of SAtreated leaves were higher than those of EGTAtreated leaves.
The MDA content of maize seedling leaves treated with PEG at different concentrations and in combination with EGTA or SA is shown in Figure 4 (D). Values of MDA content in PEGstressed leaves increased dramatically, exhibiting a pattern of change similar to those seen under Cd 2þ , Hg 2þ , and Pb 2þ stresses. Both EGTA (T P5 -T P8 ) and SA (T P9 -T P12 ) alleviated the PEG-induced increase in MDA content, in particular in leaves treated with the highest PEG concentration (50%), in which the difference compared to leaves treated with PEG alone had a significance level of P , 0.01. The highest average values of MDA content were found in SA-treated leaves, indicating that SA exerted better alleviative effects on seedling leave growth than EGTA did through a stronger repression of PEG-induced MDA accumulation.
Discussion
Heavy metal pollution has long been viewed as a limitation to the improvement of food crop production worldwide (Aganchich et al. 2007; Shao et al. 2008; Bacchetta et al. 2012; Song et al. 2012 Song et al. , 2013 Assini et al. 2013; Harper & O'Reilly 2013; Jiménez et al. 2013; Moreno-Jiménez et al. 2013) . In recent years, it has become clear that heavy metal ions (especially divalent ions) exert striking toxic effects on plant growth and seedling development (Shao et al. 2008; Manchanda & Garg 2011; Radoglou et al. 2011; Xiao et al. 2011; Minutolo et al. 2012; Rahman et al. 2012; Song et al. 2012 Song et al. , 2013 Guo et al. 2007; Shao et al. 2008; Chao et al. 2010; Bajguz 2011; Baldantoni et al. 2011; Basile et al. 2011; Doganlar & Atmaca 2011; Ippolito et al. 2011; Manchanda & Garg 2011; Xiao et al. 2011; Fellet et T P 2 T P 3 T P 4 T P 5 T P 6 T P 7 T P 8 T P 9 T P 1 0 T P 1 1 T P 1 2 T 0 ( C K ) T P 1 T P 2 T P 3 T P 4 T P 5 T P 6 T P 7 T P 8 T P 9 T P 1 0 T P 1 1 T P 1 2 T 0 ( C K ) T P 1 T P 2 T P 3 T P 4 T P 5 T P 6 T P 7 T P 8 T P 9 T P 1 0 T P 1 1 T P 1 2 T 0 ( C K ) T P 1 T P 2 T P 3 T P 4 T P 5 T P 6 T P 7 T P 8 T P 9 T P 1 0 T P 1 1 T P 1 2 The effects of EGTA and SA on MDA contents in seedling leaves under PEG treatments. Note: The different small and capital letters indicate significant difference among treatments at P , 0.05 and P , 0.01 levels, respectively. Encina et al. 2012; Kalavrouziotis & Koukoulakis 2012) . Many researches showed that under drought stress, the activity of anti-oxidative enzymes changes dramatically in seedlings and the MDA content strongly increased, showing that insufficient water supply caused significant adverse effects on seedling growth and development (Guo et al. 2007; Shao et al. 2008; Chao et al. 2010; Basile et al. 2011; Doganlar & Atmaca 2011; Ippolito et al. 2011; Manchanda & Garg 2011; Fellet et al. 2012; Kalavrouziotis & Koukoulakis 2012; Minutolo et al. 2012; Rahman et al. 2012; Song et al. 2012 Song et al. , 2013 . It has been pointed out through numerous studies (Aganchich et al. 2007; Ephrath et al. 2011; Guan et al. 2011; Cheng et al. 2012; Encina et al. 2012; Kalavrouziotis & Koukoulakis 2012; Garg & Bhandari 2013; Minggagud & Yang 2013 ) that in many crops, heavy metal and drought stress cause changes in the secretion of organic acids such as EGTA and SA. These compounds can form stabilized complexes with some heavy metal ions during the process of chelating, thus transforming toxic heavy metal ions into low-toxic and non-toxic chelating complexes and alleviating the toxic effects of high concentrations of heavy metal ions on plants (Guo et al. 2007; Chao et al. 2010; Singh & Chaturvedi 2012; Song et al. 2012 Song et al. , 2013 . Therefore, through the addition of regulatory organic acids into soil solutions, we can effectively suppress the absorption of toxic heavy metal ions by plants. Some studies indicate that to a certain extent organic acids can also alleviate drought stress caused by water shortage or disorders in osmotic regulation (Aganchich et al. 2007; Ephrath et al. 2011; Guan et al. 2011; Cheng et al. 2012; Encina et al. 2012; Kalavrouziotis & Koukoulakis 2012) . Although the alleviative effects of EGTA and SA have been widely recognized, the mechanisms by which this occurs are still largely unknown. In this paper, we primarily wanted to clarify the physiological mechanisms occurring under heavy metal (Cd 2þ , Hg 2þ , and Pb 2þ ), and PEGinduced drought stress by measuring the activity of the anti-oxidative enzymes CAT, POD, and SOD, and the accumulation of MDA in maize seedling leaves; and secondly, to analyze the possible alleviative effects of EGTA and SA. In the future, further experiments will be needed to elucidate the biochemical and molecular mechanisms involved. Furthermore, given the importance of the root systems in the uptake of heavy metal ions, PEG, and organic acids, these studies need to be extended to the root system.
